Some ordered alignments of feeble magnetic particles were obtained utilizing magnetic dipole interactions. The interactions among feeble magnetic substances under magnetic fields, that is, interactions among magnetic dipoles induced in feeble magnetic substances have been believed too small to be observed. However, by controlling experimental conditions carefully, we confirmed that such interactions can be observed visually even in feeble magnetic substances. Furthermore, by applying the interactions to many-particle systems, ordered alignments were obtained such as chain-like alignments parallel to and triangle-lattice alignments perpendicular to magnetic fields. These results suggest that structures of feeble magnetic substances can be controlled by magnetic fields, and such application would be of use in materials processing.
Introduction
Recently, magnetic forces have been drawing attentions as effects of magnetic fields on para-and diamagnetic substances, namely, feeble magnetic substances. Magnetic force is in proportion to magnetic susceptibility and to product of a field and its gradient. In feeble magnetic substances, effects of magnetic forces are usually so trivial because the values of their magnetic susceptibilities are only 10 À4$À6 . However, use of high magnetic fields of several teslas enabled to observe the effects of magnetic forces on feeble magnetic substances visually, and various phenomena such as Moses effect, 1) magnetic levitation 2, 3) have been found. Magnetic forces can be expressed as interactions between feeble magnetic substances and gradient fields. On the contrary, interactions among feeble magnetic substances under magnetic fields have been neglected so far. In ferromagnetic substances, the interactions through their magnetic dipoles can be observed clearly, 4, 5) and energy of the interaction between two magnetic dipoles is expressed as follows,
where 0 is permeability of vacuum, m a and m b are magnetic dipoles, r and r are the vector between two dipoles and its distance, respectively. On the other hand, in feeble magnetic substances, magnetic dipoles are induced only under magnetic fields, and their values are extremely small. Thus, the energy of their interactions becomes too small, and the interactions are not usually observed. However, by controlling experimental conditions carefully, we confirmed that interactions among induced magnetic dipoles can be observed visually even in feeble magnetic substances. 6) Then, it is expected that structures or alignments of feeble magnetic substances can be controlled utilizing this interaction, which would be of use in various processes. This paper reports some basic experiments on the control of alignments of feeble magnetic substances.
Alignments of Feeble Magnetic Particles
Induced magnetic dipole interactions were observed in many-particle systems of feeble magnetic substances in this study. It has been known that magnetic dipole interactions lead dispersed particles to some ordered alignments. 4, 5) However, only systems containing ferromagnetic substances have been considered so far, and such attempts have been restricted in a few materials. The application of this effect to systems of feeble magnetic substances would enable to control structures of various systems, which would be useful, for example, in material processing. Therefore, the experiments to examine such possible applications were carried out. In the experiments, alignments parallel to and perpendicular to magnetic fields were considered.
Formations of chain-like alignments
First, alignments parallel to magnetic fields were observed. The experimental set-up for this case is shown in Fig. 1 . In this study, we used a cryo-cooler operated superconducting magnet with a 100 mm room-temperature bore, and the magnet was placed horizontally in this case. The sample particles used in this experiment were glass beads ( $ 0:8 mm), which were diamagnetic and had volume magnetic susceptibilities of À1:8 Â 10 À5 [in SI units]. As a surrounding medium, paramagnetic manganese dichloride aqueous solution (MnCl 2 aq) was used in consideration of enhancements of magnetic dipole interactions, magnetoArchimedes effect (interactions among diamagnetic particles can be enhanced in paramagnetic media 6) ). The glass beads and MnCl 2 aq were put in a glass cell ($ 70 Â 25 Â 5 mm 3 ), and the cell was inserted into the bore of the magnet. One of the cell edges was fixed at the center of fields, and the glass beads were gathered at that side in the initial condition. From this configuration, magnetic fields were increased gradually.
Then, magnetic forces derived from the distribution of applied fields acted on the glass beads, and the beads began to move to the other edge of the cell to go away from the center of fields. These processes were observed from the bottom side of the cell with a CCD camera. The results are shown in Fig. 2 . The concentration of MnCl 2 aq in the upper figure was 30 mass%, and that in the lower one was 40 mass%. The magnetic susceptibilities of the solutions were 5:53 Â 10
À4
[in SI units] and 7:99 Â 10 À4 [in SI units], respectively. In these figures, the magnetic fields were applied parallel to this space directed from left to right, and their intensities were 2.5 T at the center of fields in both case. As seen in these figures, the glass beads formed one-dimensional chain-like alignments parallel to the applied field during moving to the other edge. These alignments seem to be derived from attractive interactions among magnetic dipoles induced in the glass beads. In addition, longer chains tended to be observed when the concentration of MnCl 2 aq was larger, that is, the magnetic susceptibility of MnCl 2 aq was larger. This was because apparent magnetic dipoles induced in the glass beads became larger and then the interactions were enhanced due to the magneto-Archimedes effects.
Formations of triangle-lattice alignments
Subsequently, alignments perpendicular to magnetic fields were observed. The experimental set-up for this case was shown in Fig. 3 . In this case, the magnet was placed vertically, and two-dimensional structures in the horizontal plane were observed from above. The sample particles used in this experiment were gold ball of 1.0 mm in diameters, which had volume magnetic susceptibility of À3:45 Â 10
À5
[in SI unit], and 40 mass% MnCl 2 aq was selected as a surrounding medium in consideration of the magnetoArchimedes effects. A petri dish, where gold balls and MnCl 2 aq were put, was placed in the bore of the magnet. The vertical position of the dish was 149 mm above the center of fields. The intensity of fields in this vertical position is slightly larger ($0:2%) at the wall side than at the middle of the bore. In this experimental condition, vertical magnetic forces act on the gold balls upward, and on the MnCl 2 aq downward. Thus, with applying magnetic fields, the gold balls become lighter apparently. To avoid frictions between the samples and the dish, and then to observe the interactions in the horizontal direction effectively, the intensity of applied field was adjusted and the apparent weights of the gold balls were made to be zero. That is, magneto-Archimedes levitation 3) was used. Considering the magneto-Archimedes levitation conditions, higher magnetic fields are required for the levitation when the samples with large densities are used. Then, in that case, induced magnetic dipoles become larger and the energies of interaction among them can be enlarged. Figure 4 shows the process that the gold balls came to the magneto-Archimedes levitation condition. In these figures, the direction of magnetic fields was perpendicular to this space. With applying magnetic fields, the gold balls became lighter and they gathered to the middle of the bore due to slight radial magnetic forces (Fig. 4(b) ). Then, the applied magnetic field became larger, some of the gold balls in the outer side began to levitate, and the levitating gold balls went to the middle of the bore (Fig. 4(c) ). Then, some peculiar Finally, as all of the gold balls were in the magneto-Archimedes levitation condition, the formation of triangle-lattice alignments was observed. This lattice is shown in Fig. 5 , and the direction of the field was perpendicular to this space and its intensity was 4.9 T. This lattice-formation was derived from repulsive interactions among magnetic dipoles induced in the gold balls in the horizontal direction. In this result, there were some disorders of the lattice, which seem to be caused by the inhomogenities of the magnetic fields in the horizontal direction (magnetic fields are not completely axisymmentrical around the middle of the bore) or by the nonuniformities of the particles size. Therefore, the improvements of such experimental conditions would enable to make more orderly lattices. These results in this study show that the formations of some ordered structures can be obtained not only in systems containing ferromagnetic substances but also in systems of feeble magnetic substances by controlling experimental conditions carefully.
Summary
In this study, control of the alignments of feeble magnetic particles were investigated. Recently, we confirmed that magnetic dipole interactions can be observed visually even in systems of feeble magnetic substances. Though the interactions are very small, well-arranged experimental conditions enabled feeble magnetic particles to form some ordered alignments such as chain-like alignments and triangle-lattice alignments. These results suggest that alignments or structures of feeble magnetic materials can be controlled by using magnetic fields. Therefore, new applications of magnetic fields are expected in various fields such as fabrications of photonic crystals, control of structures of composite materials and so on. 
